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Abstract 
To obtain high quality results in laser fusion cutting, generally, a time and cost intensive optimization process has to be run. We 
report on a fast algorithm to optimize the laser parameters to get a burr free laser cut. The algorithm includes design of 
experiments and one-factor-at-a-time methods. The algorithm describes the whole optimization from the first to the optimum cut. 
Using a 500 W singe mode fiber laser we have optimized laser cutting of 1 mm aluminum. As a comparative study we used a 1 
kW multi mode fiber laser. Our results demonstrate the potential of the optimization algorithm. 
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1. Motivation 
Laser fusion cutting of metals is a well established process in manufacturing with high quality requirements. The 
cutting quality is influenced by many factors, such as the laser power, focal position and gas pressure, respectively. 
In order to achieve the desired cutting result in terms of quality and process velocity, it is generally required to 
identify suiTable factor combinations for the specific laser cutting system in use and the workpiece at hand (e.g. 
material, material thickness, surface conditions). Finding such a combination is often time consuming and cost 
intensive. In addition, some of the influencing parameters may interact with each other, in turn obscuring a correct 
identification of the most influencing parameters. Various different methods as, e.g., one factor at a time, design of 
experiment (DOE) or artificial neural networks can be found in literature to optimize a laser cutting process 
[1;2;3;4]. However, often these published methods do not describe the entire process in finding the way from the 
first cut to the optimum one.  
The fast laser cutting optimization algorithm (FALCOA) presented here, consists of four steps describing the 
whole optimization process. The first step is the determination of the severance power that is important to choose 
reasonable parameter limits for the DOE. The second step is the DOE itself to identify both the influence of the 
individual cutting parameters as well as the interactions between them. In addition the DOE provides information 
about the variance of the process and provides preferable starting parameter combination for the following 
optimization step. Thirdly, a linear cut is optimized with one factor at a time using the results of the DOE. Finally, 
cutting with a digitally modulated laser output is optimized to ensure that a constant power to velocity ratio is 
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maintained even in sharp edges traversed with low velocities of the linear drives of the cutting machine in case of 
contour cutting applications.  
While the main objective of this contribution is to describe the fast optimization algorithm, in our study the 
algorithm is evaluated and described in detail by optimizing the laser cut of 1 mm aluminium sheets using a 500W 
single mode fiber laser. Aluminium is the technically most used nonferrous metal with a high optical reflectivity and 
a high thermal conductivity, parameters which in turn influence the required laser power for a cutting process. In 
addition, the algorithm is applied for cutting other materials such as stainless steel (up to 1 mm) and electrical sheets 
(0.35 mm). Moreover, for a comparative study we used a 1 kW multi mode fibre laser to also cut 1 mm aluminium. 
2. Experimental 
2.1. The laser system 
In this study, a continuous wave 500 W single mode fiber laser (IPG Photonics) was used to perform the 
experiments. The laser system is equipped with linear stages (x,y) for the workpiece (Aerotech) and a fine cutting 
head (Precitec) attached to a linear drive (z). The assisted gas nitrogen with purity greater than 99.999 % flows 
coaxial to the laser beam. The gas nozzle has a diameter of 0.8 mm and its distance to the workpiece is positioned by 
a capacitive closed loop control of the z-linear drive. The emitting wavelength of the laser is specified to be 1070 
nm in conjunction with a beam propagation factor of M² < 1.1. The raw beam diameter of 7.25 mm is focused by a 
lens with focal length of 50 mm. The according Rayleigh length is calculated to 70 ȝm. In a comparative study, we 
also used a 1 kW multi mode fibre laser (IPG Photonics) equipped with another translation system of the cutting 
head (Precitec). In this system (Stiefelmeyer) the cutting head is moved with 3 D linear stager over the flat bed. The 
laser beam is focused by a lens with a focal length of 125 mm to a focus diameter of 80 ȝm. 
The target value in this study (i.e. the defined response for the DOE) is the burr at the bottom edge of the cut kerf 
that should be ideally eliminated. To measure the burr height, we attached a self designed LED module in a small 
angle to the surface of the workpiece. The shadow of the burr as measured by an optical stereo microscope is 
proportional to the height of the burr. The method was calibrated and controlled with a high resolution optical 
microscope (Leica) with a short focal length. For the DOE study the commercial software package JMP® (SAS 
International) was used. 
For initial tests and to determine the effect of a given parameter on the response (burr height) of the DOE, we cut 
simple lines. The lines always begin with a cut-in of 0.2 seconds with the chosen laser power. The laser parameters 
are varied in a range as shown in table 1. In addition, the laser could be modulated digitally up to a frequency of 50 
kHz. The position synchronous output (PSO) of the linear drives is used to hold the track-energy on a constant level 
during contour cutting. The PSO can trigger a fire event with a given duration after a defined distance travelled. In 
addition, a time dependent trigger signal with a selecTable on- and off-time could be added. The path and time 
dependent signals are connected with a logical OR.   
2.2. The optimization algorithm 
The algorithm starts by fixing two of the parameters shown in table 1.  
Table 1. Parameters and their extreme values 
Parameter Minimum Maximum  
Laser Power 10% 100% 
Velocity 1 mm/s 750 mm/s 
Distance of the nozzle 0.15 mm 1.0 mm 
Gas pressure 4 bar  12 bar 
Position of the focus  -1.5 mm 0.5 mm 
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Chen et al. [5] presented theoretical and experimental results on gas flow at cut kerfs, showing that the highest 
mass flow rate through the kerf could be achieved at small nozzle distances and high gas pressure. In addition, it was 
demonstrated that at small nozzle distances the mass flow rate increases linear with the gas pressure. Therefore, in 
our experiments the distance of the nozzle was fixed to the minimum of 0.15 mm. In case the second fixed 
parameter is either the velocity or the laser power, the other parameter has to be varied to find the optimized power 
to velocity ratio [6]. 
In the first step of the algorithm the maximum velocity or the minimum power has to be found to cut the 
workpiece. For these experiments the gas pressure and the focus position should be chosen on a medium value. To 
find the influence of the remaining free parameters a linear DOE with 10 runs is used. To achieve effective cutting, 
factor limitations are necessary. Wandera et al. [7] presented results of inert gas cutting of stainless steel and 
aluminium which are showing that good quality cuts are reached with more than 60 % of the maximum cutting 
speed. Thus, in the DOE the laser power should be the minimum to cut the work piece and 20 % above. In case of 
fixing the power, the velocity should be chosen accordingly at the maximum for the cut and 20 % below. The 
position of the focus should be between 1/3 and 2/3 in the material and the gas pressure between maximum and 
medium value, respectively.  
For the experimental design a linear model with all two factor interactions is chosen as in this case with only a 
few required experiments comprehensive information about the process and the underlying interactions can be 
gained. One experiment is required to calculate the intercept and three experiments are required to determine the 
influence of the parameters. Taking into account three parameters, three possible two factor interactions have to be 
considered that require three additional experiments. An interaction describes the modification of one parameter’s 
influence by the variation of another parameter. To calculate the variation of the process three experiments are 
added. Hence, the number of experiments in the design sums up to ten. For the linear model the experiments has to 
be run with only two steps named high and low. In the experimental design every parameter should be as often high 
as low to calculate the influence as accurate as possible. With three parameters and two steps of each parameter 
there are eight different parameter combinations. All possible parameter combinations are carried out and two of 
them are run twice to get ten experiments. For each experiment of the DOE the target value h (in this study the burr 
height is the chosen response) is measured. From the results of these measurements the mean values are calculated 
where one parameter is high and accordingly the mean values where the parameter is low. The influence I of each 
parameter can be calculated from the difference between the mean values with formula 1 [8]. The influence of all 
other parameters is calculated in the same way.  
 
lowhigh hhI           (1) 
 
Similarly, the effects of the interactions between two parameters are calculated with formula 1 as well. Yet, the 
mean values are calculated differently. The mean value for high is calculated from the burr height of parameter 
combinations where the interacting parameters have the same value, e.g. both high. Correspondingly, the low value 
is the mean of the height where the interacting parameters have different values [8]. In addition, the standard error of 
the process is calculated. To prove that the identified influence of a parameter and its interactions is governing the 
process, the influence of the parameters is compared with the standard error in a t-test, in which the probability is 
calculated that the measured influence is not only due to random scattering.   
After evaluation of the DOE the influence of the remaining parameters and their interactions are known. The next 
step is to change one factor at a time starting with the best run of the DOE and changing the parameter with the 
highest influence. The parameter is varied as long as the burr decreases. After a minimum is reached, the parameter 
with the second highest influence gets changed and optimized, followed by the third. To find parameters for the 
digital path-dependent modulation the same parameters like in continuous wave could be used by choosing a high 
on time ratio and only adjust the laser power.  
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3. Results and Discussion 
3.1. Optimizing for a given speed 
The above described optimization algorithm was exemplarily evaluated by cutting 1 mm thick aluminium sheets. 
Though this specific cutting exercise is well known in the community, we have chosen it with respect to the laser 
system applied in this study, demonstrating that burr free contour cutting of 1 mm aluminium is feasible with a 
medium power fiber laser. In addition, it is worthwhile to emphasize that the main focus of this contribution is the 
description of the fast laser cutting optimization algorithm (FALCOA) enabling an efficient optimization of any 
laser cutting process including the identification of the most influencing parameters, a deeper understanding of the 
interactions between different parameters and, finally, the determination of an optimized parameter set.  
To cut small geometries the velocity in this section is fixed to 50 mm/s. We start with a gas pressure of 8 bar, a 
focal position of -0.5 mm inside the workpiece (zero refers to the surface of the workpiece), a distance of the nozzle 
of 0.15 mm, and a laser power of 100 %, respectively. In a second execution, the laser power was reduced to 50 % 
in 5 runs. In these experiments, the minimum laser power to cut the sheet is identified at 60 % of the maximum laser 
power. The lowest height of the burr during these runs is determined to be 287 ȝm.  
A linear experimental design with 10 runs was performed with the parameters given in table 2. In one of the 
experiments the aluminium is not cut, thus only 9 data sets could be used for the calculation. Based on these results, 
the influence of the parameters and one interaction have been determined as shown in table 2. Please note that the 
standard barrier for error probability is 0.05, thus a lower value indicates a significant influence.  
Table 2. Influence of the parameters cutting with given speed 
Parameter (limits)  Influence (in ȝm) Probability > |t| 
Laser Power (60 %, 70 %) 21 0.02 
Position of the focus (-0.8 mm, -0.2 mm) 63 0.0037 
Gas pressure (8 bar, 12 bar) -71  0.0009 
Interaction between focus position and gas pressure 74 0.0015 
Firstly, the influence of the laser power could be explained by a change in melt viscosity due to the different 
temperatures [9]. A further effect is the shift of the focus position during an increase of the laser power which is 
explained by the heating of the optical and mechanical components [10]. The focus shift was reported to be as high 
as 110 ȝm at 80 W [10] and 3 mm at 3000 W [11] power increase. In conjunction with a power increase, the focus 
shifts in positive direction, i.e. as the focus was set inside the workpiece it moves towards its surface. Hence, the 
burr height change caused by focus shift with increasing laser power has the same direction as the mechanical 
increase of the focal position. Secondly, the burr height decrease with lower position of the focus is a result of the 
expanded cut kerf. Due to the short Rayleigh length of the laser system this effect has a high influence. Generally, in 
singe mode fiber laser cutting the melt removal is difficult in case of small cut kerfs [12]. Thirdly, the influence of 
the gas pressure is caused by the higher mass flow rate thought the cut kerf and higher shear forces [5]. Moreover, 
the interactions with the laser power turn out to be not significant which is expressed by an error probability of 0.86 
(powerupressure) and 0.63 (powerufocus position), respectively. Contrary to this, the significant interaction between 
the focus position and the gas pressure can be explained by the changing behaviour of the gas flow in different cut 
kerf geometries at different focus positions.  
Figure 1 (a) shows the burr height as a function of the gas pressure and the position of the focus calculated from 
the linear model. The interaction is expressed by the difference between the small influence of the gas pressure in 
high focus position and the big influence of the gas pressure in low focal positions. 
 
Figure 1 (b) shows the according contour line plot where the areas with the same estimated burr height could be 
seen. 
 
B. Adelmann and R. Hellmann / Physics Procedia 12 (2011) 591–598  595
To prove the linear model with only one interaction the coefficient of determination is calculated to 0.992 which 
shows that the model sufficiently reflects the measured data. In addition, the very low error probabilities show that 
the influence is not random. The standard error for the burr height has been calculated to 9 ȝm. 
The further examination starts with the set of parameters that leads to the smallest burr of 48 ȝm according to the 
results shown in Figure 1 (laser power at 70 %, gas pressure of 12 bar, focal position of -0.8 mm). As the gas 
pressure is already at maximum and as its reduction leads to an increase of the burr height, it is fixed to 12 bar in the 
forthcoming experiments. The parameter with the second highest influence is the position of the focus that also 
interacts with the gas pressure. However, as the gas pressure is fixed its interactions need not to be further 
considered. The focal position is reduced to -1.0 mm with the result of a higher power demand and increasing burr. 
In turn, a burr free cut is reached by increasing focus position to -0.7 mm. Further changes in focus position and 
laser power do not lead to a better cut quality.   
 
Figure 1. Influence of the gas pressure and the position of the focus on the burr height in a contour surface plot (a) and a couture line plot (b) 
To find parameters for the digital laser modulation, the trigger event is set every 20 ȝm with an on time ratio of 
95 % during full speed. A burr free cut is reached after increasing the laser power in three runs to 90 %. A contour 
with sharp edges and narrow notches was cut to test the modulated cutting.  
Figure 2 shows the edge of the cut kerf realized with the established parameters without any burr and with a low 
roughness. The cut kerf has a width of 100 ȝm at the top and 80 ȝm at the bottom side with a full opening degree of 
1.1°. This is narrow as compared to reported cutting results using a 4000 W fiber laser when cutting 1.3 mm steel 
with a top kerf width of 300 ȝm and a bottom width of 250 ȝm [13]. With digital modulation even sharp edges are 
cut with high quality without burr formation.  
 
Figure 2. Microscope images of the cutting edge of a straight line without modulation (a); and cutting a 90° angle with digital modulation (b)  
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Finally, please note that the entire optimization process reported here encompassed only 27 individual 
experiments, leading to the desired result of a burr free cut. 
To evaluate the potential of the described process, we have also examined the cutting of 0.6 mm stainless steel,   
1 mm steel, and 0.35 mm electrical sheets, respectively. Generally, the procedure to achieve a burr free cutting kerf 
is the same as described above. As a result, only less 35 individual experiments were required to optimize the 
process for these materials. 
3.2. Optimizing for maximum speed 
To cut larger geometries a parameter combination with maximum cutting speed has to be identified. For this the 
laser power is fixed to the maximum of 500 W. Using the same starting parameter combination as in section 3.1, the 
maximum cutting speed has been identified to 180 mm/s in 6 experiments while the minimum burr height in these 
cuts was 262 ȝm. The experimental design is run using the same parameter limits given in table 2 with the 
difference that the laser power is replaced by the velocity with the limits of 150 mm/s and 180 mm/s. The DOE is 
run in 10 experiments and the burr height is measured. The influence and the error probability of the parameters is 
calculated out of the measured data and summarized in table 3. The influences have the same directions but are 
smaller as compared to those shown in table 2. Due to the higher standard error of 16 ȝm and lower influences the 
error probabilities are higher (cf. table 2). Similar to the laser power in the former DOE the interactions with 
velocity have a very small influence on the process and are therefore neglected.  
Table 3. Influence of the parameters cutting with maximum speed 
Parameter (limits)  Influence (in ȝm) Probability > |t| 
Velocity (150 mm/s, 180 mm/s) 23 0.194 
Position of the focus (-0.8 mm, -0.2 mm) 56 0.012 
Gas pressure (8 bar, 12 bar)  -42  0.036 
Interaction between focus position and gas pressure 27 0.115 
 
The optimization with the “one factor at a time” method starts with the set of parameters with the smallest 
measured burr height of 87 ȝm (velocity 150 mm/s, gas pressure 12 bar, focal position -0.8 mm). Due to the higher 
standard error all experiments had to get run twice in order to obtain statistically reliable results. At this stage of the 
optimization only the parameters with a significant influence with an error probability below the 5 % barrier are 
optimized. Finally, the optimum has reached after 10 experiments with a remaining burr of 12 ȝm (velocity at 150 
mm/s, gas pressure of 12 bar, focal position of -0.6). The inferior quality as compared to the previous described 
quality is explained by the narrower cut kerfs at higher velocities [12] of 90 ȝm at the top and 80 ȝm at the bottom. 
The entire optimization process encompassed only 26 individual experiments. Figure 3 (a) shows the cut edge with 
the established parameters.  
Figure 3. Microscope images of the cutting aluminium using a single mode fiber laser with 150 mm/s (a); and cutting using a multi mode fiber 
laser with 90 mm/s (b)  
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In Ref. [14] Steen calculates the severance energy, which can be considered as a measure of the energy efficiency 
of a laser cutting process, taking into account the laser power P, the velocity v and the sheet thickness d (formula 2). 
 
dv
P
E  
          (2) 
 
The calculated severance energy for the process presented here is 3.3 J/mm². In [6] the recommended cutting 
condition for aluminium of 1 mm thickness with nitrogen assist gas is a velocity of 50 mm/s and a CO2 laser power 
of 1200 W which leads to a severance energy of 24 J/mm². In [7] cutting of 4 mm aluminium sheets with a 5 kW 
fiber laser with a severance energy of 46 J/mm². 
3.3. Optimizing using a multi mode fiber laser 
In a comparative study, we also applied the algorithm using a 1 kW multi mode fiber laser in combination with 
another translation system moving the cutting head. The laser power, however, is set to 500 W for a better 
comparison with the single mode laser used in the previous design. The optimization is done for maximum velocity, 
the algorithm applied as outlined in detail in the above sections. After 6 experiments the maximum velocity is 
identified to 90 mm/s. Opposite to the previous design, here the DOE is run with the additional parameter of the 
nozzle diameter since this could be varied using the second laser system between 1.2 mm and 1.8 mm. However, to 
hold the number of experiments on a constant level of 10, the interactions with the velocity are removed from the 
model since they were not significant in the previous DOE. The influence of the parameters and the error probability 
are calculated in table 4 and the standard error was calculated to 14 ȝm. In this design no interaction has a 
significant influence.  
Table 4. Influence of the parameters for cutting with a multi mode fiber laser 
Parameter (limits)  Influence (in ȝm) Probability > |t| 
Velocity (70 mm/s, 90 mm/s) -27 0.104 
Position of the focus (-0.8 mm, -0.3 mm) -4 0.771 
Gas pressure (8 bar, 12 bar)  -42  0.059 
Nozzle diameter (1.2 mm, 1.8 mm) -84 0.0008 
 
The influence of the velocity and the gas pressure is similar to those presented in table 3. Contrary to the previous 
analysis, the position of the focus has almost no influence on the response due to the longer focal length of the 
system used in these experiments. The largest influence, however, has the nozzle diameter which leads to better gas 
flow characteristics.  
The best cut edge quality shown in Figure 3 (b) was reached after an optimization with one factor at a time with 7 
further experiments (velocity 90 mm/s, gas pressure 12 bar, focal position -0.3 mm and nozzle diameter 2.0 mm, 
respectively). The lower cutting speed in comparison to the single mode laser is caused by the broader cut kerf due 
to the larger focus diameter. The cutting quality is similar to the single mode laser (Figure 3 (a) versus 3 (b)).  
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4. Conclusion 
In summary, we have demonstrated the potential of the FALCOA (fast laser cutting optimization algorithm) in 
optimizing laser fusion cutting processes in order to reach a burr free cut. Specifically, we have optimized the laser 
fusion cutting of 1 mm aluminium sheets with a single mode fiber laser demonstrating burr free contour cuts. With 
only 27 individual experiments for a given speed with modulation and 26 individual experiments for maximum 
speed the FALCOA is a very fast way in optimizing laser cutting processes. Beside the identification of the 
optimized parameter set, the algorithm additionally yields insight into the process by providing information about 
the influence of individual parameters and their interactions and by determining the variance of the cutting process 
with respect to the examined parameters.  
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